The precise control of body posture by turning moments is a key to elevated locomotor performance in flying animals. Although elevated moments for body stabilization are typically produced by wing aerodynamics, animals also steer using drag on body appendages, shifting their centre of body mass, and changing moments of inertia owing to active alterations in body shape. To estimate the instantaneous contribution of each of these components for posture control in an insect, we threedimensionally reconstructed body posture and movements of body appendages in freely manoeuvring fruit flies Drosophila melanogaster by high speed video and experimentally scored drag coefficients of legs and body trunk at low Reynolds number. The results show that the sum of leg-and abdomen-induced yaw moments dominates wing-induced moments during 17% of total flight time but on average is 7.2-times (roll, 3.4-times) smaller during manoeuvring. Our data reject a previous hypothesis on synergistic moment support, indicating that drag on body appendages and mass-shift inhibit rather than support turning moments produced by the wings.
INTRODUCTION
severely attenuated between 35 and 60%. Leg steering is also of great importance for drag control in birds. Depending on body posture, pigeons and griffon vultures, for example, may increase their total body drag coefficients during forward flight by factors of approximately 2 and 3, respectively, depending on the extension of their feet (Pennycuick, 1968; Pennycuick, 1971) . As a consequence, feet adduction in birds during smooth weather conditions leads to an increase in gliding distance, while during manoeuvres the feet appear (Pennycuick, 1960) .
The vast majority of previous studies on the significance of body appendages for force and moment support in actively flying animals were conducted in insects such as the small fruit fly (Götz et al., 1979; Zanker, 1988b) , the house fly (Zanker, 1991) , orchid bees (Combes and Dudley, 2009 ) and moths (Cheng et al., 2011; Hedrick and Daniel, 2006) . Early studies on various freely flying insect species suggested that leg steering and shifting the insect's centre of body mass support wing-induced moments during manoeuvring (Ellington, 1984d) . This hypothesis was further investigated under visual stimulation mimicking yaw turns, during which tethered flying flies bend hind legs and abdomen in the horizontal to the inner side of the intended turn (Götz et al., 1979; Zanker, 1988a; Zanker, 1988b; Zanker, 1991) . Visual stimulation mimicking body pitching, by contrast, leads to bending of the abdomen in the vertical, with upward bending during upward motion of the visual pattern (Dyhr et al., 2013; Frye, 2001; Hinterwirth and Daniel, 2010) . Mathematical models of the latter behaviour demonstrated that abdominal steering is, at least to some extent, sufficient to maintain body posture in the hawkmoth (Cheng et al., 2011; Dyhr et al., 2013; Hedrick and Daniel, 2006) . Besides vision, some insects such as desert locusts also bend their abdomen in response to changing air flow conditions (Arbas, 1986) . It has been suggested that this behaviour mimics an aerodynamic rudder that helps the animal to orient into the direction of wind during flight (Camhi, 1970a; Camhi, 1970b ).
Here we show the significance of leg and abdominal steering on moments and body posture in freely manoeuvring fruit flies Drosophila, estimating instantaneous moments owing to wing motion, hind leg-and abdomen posture around the yaw, pitch, and roll body axes, respectively. For this investigation, we (i) employed highspeed video to three-dimensionally reconstruct the animal's body posture and extension angles of legs and abdomen during various flight manoeuvres, (ii) measured drag coefficients of hind legs and the body trunk in a wind tunnel and (iii) derived turning moments from a numerical approach. In contrast to previous hypotheses, our data suggest that body appendages mostly attenuate rather than enhance wing flapping-induced moments. We argue, moreover, that owing to its small contribution to total moments, leg-and abdomen-induced moments should be considered as control systems for fine control rather than systems that significantly enhance the production of moments during extreme flight manoeuvres.
RESULTS

Steering by wings and body appendages
Our recorded flight sequences cover various flight manoeuvres of female fruit flies To evaluate the contribution of moments caused by changes in aerodynamic drag on both body trunk (head, thorax, abdomen, fore-and middle legs) and hind legs to wing flapping-induced moments during flight manoeuvres, we systematically analyzed the magnitude and coherence of the three components for total moment control ( Fig. 2B and C). Figure 2 shows the moment components for yaw (Fig. 2E) , pitch ( Fig. 2F ) and roll ( Fig. 2G ) of the flight manoeuvre in Fig. 2A . The data suggest that aerodynamic drag-and mass shift-induced moments are only small fractions of total moments acting on the fly body ( Fig. 2D-G) . We derived the total moments from the changes in body posture and a numerical framework (cf. Materials and Methods). The top 1% maximum, absolute total moment of all data around the yaw, pitch, and roll axes was 11.2, 10.2 and 26.8 nN m, respectively (N = 246 samples). On average, the individual contributions of hind leg-induced moments were approximately 41.3-(yaw), 11.2-(roll), and 78.3-times (pitch), and contributions of the body trunk approximately 7.9-(yaw) and 3.8-times (pitch) smaller than total moments produced by wings, hind legs, and trunk (Table 1) The magnitude of turning moments depends on the product of moment arm and aerodynamic force, and thus on local air velocities on legs and abdomen. These velocities result from three distinct kinematic components: the body's translational motion (for-, up-, and sideward), its rotational motion around the three main body axes, and active leg motion relative to the body (Fig. 1A , Table 1 ). For completeness, we also considered the wing's induced flow (downwash) on legs and body, which is outlined in more detail in a section below. The moments around the fly's main axes (yaw, pitch, roll) owing to translational body motion are shown in Fig. 2H , rotational motion is shown in Fig. 2I , active leg motion in Fig. 2J , and moments owing to induced flow from the beating wings in Fig. 2K . The data suggest that body translation predominately determines moment control in fruit flies cruising at mean forward speed of 253 ± 137 mm s −1 , while the contribution of rotational body motion is small owing to small angular speeds and a decreasing velocity gradient from leg tip to base (Table 1) Although our data indicate that drag-based steering by hind legs is likely to be 7.6-fold more effective than drag-based steering by the abdomen, the significance of body appendages for moment control during manoeuvring flight is limited ( Fig. 4A and B ).
An analysis on the relative contribution of drag-, mass shift-, and inertia-induced moments for yaw control shows that the sum of all three moment components exceeds wing flapping-induced moments in only 16.8% (22.9% for roll) of total flight time ( Fig. 4C and D) . Drag-based moments alone are higher than wing flapping moments in 1.7% (yaw) and 0.9% (roll) of the flight time ( Fig. 4E and F) . In other words:
during half of total flight time, the total moments produced by body appendages for yaw and roll amount to only 2.0% and 3.3% of wing-induced moments, respectively.
Coherence of steering moment components
In contrast to previous tethered flight studies on vision-induced yaw steering in Drosophila, hind leg and abdomen deflection is more variable in free flight. Our data even suggest that leg and abdomen deflection is broadly independent from total, wing flapping-dominated moment control. We found that only in 51.8% of total flight time, 
The significance of induced flow
In the following section, we address the potential significance of the wing's downwash on moment control by body trunk and hind legs. Since wings, legs and abdomen are mechanically linked, and the distance between the wings' stroke plane and hind legs is small, we excluded downwash-induced moments from the analyses in
Figs 2 -6, including table 1. This is reasonable because body lift production by wing flapping should decrease with increasing downwash-induced drag on legs and abdomen. To maintain weight support under these conditions, the animal must moderately increase its total body lift production, which in turn balances the moments produced by downwash-induced drag. However, at least to some degree, the wings' downwash dissipates after its acceleration at the stroke plane, losing kinetic energy and thus altering the efficacy of momentum transfer from the wings to body and hind legs. The downwash-induced moments thus depend on the distance between wings and body appendages (legs, abdomen) that varies during manoeuvring flight. In the following section, we evaluated the potential contribution of downwash to moment balance by estimation of instantaneous downwash velocity derived from body mass, instantaneous vertical body motion, and using actuator disc theory (cf. Materials and
Methods section).
We considered downwash at various strength and compared the resulting moments for yaw, pitch, and roll with our previous approach (Figs 2-4). Figure 7A shows a time trace of downwash-induced yaw moments (grey) of the flight sequence in Fig. 2A .
We subsequently added fractions of these downwash moments to total drag-induced yaw moments MD, in steps of 10% (coloured, cf. MD in Fig For comparison, we also evaluated the maximum instantaneous increase of moments of inertia that a fly might reach during flight by mass motion of its legs, modelling truncated flies with tibia and tarsi but empirically derived hind leg extension angles that produced maximum moments of inertia. These data are plotted as red lines in Fig. 8C-E and confirm the small benefit of leg steering for the control of moments of inertia in fruit flies. On average, the theoretical prediction differs less than 1% increase in moments of inertia from data based on the kinematic reconstructions of leg angles of tibia and tarsi (black, Fig. 8C -E).
DISCUSSION Steering by wings and body appendages
Our recorded flight sequences show a broad spectrum of different flight behaviours in freely flying fruit flies, ranging from straight flight, sharp turns, backward and sideward flight to pronounced changes in flight altitude (Figs 1 and 2) . The threedimensionally reconstructed body posture, leg extension angles and abdomen bending highlight active components for body stability and directional control. This is evident from the elevated correlation coefficients between horizontal abdominal bending and leg extension angles (Pearson test, R = 0.69), significant correlation coefficients between wing flapping-and drag-induced yaw moments, and the correlation between wing flapping-and inertia-induced yaw moments ( Fig. 5A and D). Our findings are also consistent with previous experiments on abdomen control in tethered flying fruit flies (Zanker, 1987) . The latter study also demonstrated that abdominal movements may not be caused by flow generated from wing flapping. Moreover , table 1 (Table 1) . Thus, in analogy to ruddering of animals in water and air, the small contribution of drag owing to the legs' proper motion rejects the idea that fruit flies may produce elevated moments by paddling movements of the hind legs (Ristroph et al., 2011) .
As outlined in the Materials and Methods section, the estimation of wing flappinginduced moments is crucial in our analysis on the relative contribution of abdomenand leg induced moments to total moments. Thus, we here compare our estimated wing flapping-dominated total moments with the moments measured in tethered studies of Drosophila flying under various flight and visual feedback conditions. Götz et al., 1979; Heisenberg and Wolf, 1979; Heisenberg and Wolf, 1988; Mayer et al., 1988) with peak values of 17 nN m (Tammero et al., 2004) 
Coherence of steering
Previous studies on flight control in tethered flies suggest that hind leg steering during optomotor yaw response reinforces wing flapping-induced moments by strongly increasing (decreasing) the leg extension angle on the inner (outer) side of an intended yaw turn (Zanker, 1988a; Zanker, 1991) . The latter studies proposed that this synergy increases the fly's agility and manoeuvrability, which may in turn increase survival rate during aerial predation by dragonflies (Combes et al., 2012a) . Our data reject the above hypothesis for unrestrained flying fruit flies. We found no preference for the idea that leg extension and abdomen bending angles coherently support turning direction of the animal. In contrast to leg kinematics, we even found that sequenceaveraged yaw moments owing to drag on legs and abdomen significantly inhibit than support wing flapping-induced moments (negative correlation coefficient in Fig. 5D ), which might enhance posture stability. The same holds for mass shift-induced moments, suggesting a synergistic function of motor pathways to hind legs and abdomen (Fig. 5E ). However, counter moments during yaw turning might also result from an increase in local velocities at the hind leg on the outer side of a flight curve, despite its smaller leg extension angle. Data indeed show that an increase in rotational velocity of the body is positively correlated with an increase in hind leg velocity on the outer side of a turn (Pearson correlation: R = 0.77). While the above mechanism might thus passively restrict angular velocity in turning flight owing to aerodynamic damping, flies actively shift their centre of mass (abdomen bending) to the body side that counteracts moments generated by wing flapping. The latter mechanism is independent from angular turning rate because it solely relies on changes in the length of the moment arm between the fly's centre of mass and the centre of flight force at mid up-/down stroke (Fig. 2C) .
The apparent synergy between drag-and mass shift-induced moments and their attenuation on wing flapping-induced moments is also supported by its positive correlation coefficients during yaw and roll control ( Fig. 6A and D, yaw) . This result is consistent with previous findings on the coherence of leg and abdominal movements in the tethered housefly (Zanker, 1991) . The latter study demonstrated that hind legs and abdomen move in-phase and in the same direction during visioncontrolled flight. However, our finding that positive (yaw, 51%; roll, 47%) and negative moment coherence (yaw, 49%; roll, 53% flight time) occur with approximately same frequency suggests a highly flexible system with quite independently acting system components for moment control.
Significance of induced flow
This study considered induced flow (wing downwash) in detail because of its body mass), the changes in moments of inertia are comparatively small: hind leg motion in Drosophila alters moments of inertia of not more than 6% (Fig. 8) .
Moreover, compared to a model fruit flies without hind leg tibia and tarsi, moments of inertia during yaw, pitch and roll steering may not increase more than 8% of the moments of inertia of the body trunk. The largest benefit of hind leg control in fruit flies is on roll stability, which is consistent with data obtained from the orchid bee. ancestors. The small benefit of leg control in Drosophila on moments of inertia, however, runs counter to the idea that leg steering has primarily evolved as a mechanism to enhance posture stability. In this respect, the male orchid bee might be an exception because its hind leg tibia is greatly enlarged compared to other insect species in order to collect scents (Combes and Dudley, 2009).
MATERIALS AND METHODS
High-speed video recording inside a free-flight arena
The flies were scored in a free flight arena, allowing automated recordings of body posture, abdominal bending and hind leg motion using three-dimensional high speed 
Positional reconstruction of leg segments
We simplified the reconstruction of leg extension angles, performing pre-tests on leg 
Estimation of aerodynamic drag on legs and body trunk
Body appendages and thus the modelled cylinders experience drag by cross flow and lift by flow parallel to the longitudinal cylinder axis. In the latter case, however, the complex zigzag geometry of the leg segments with positive and negative inclination results in a small overall angle of attack (Fig. 2B ). In addition, peak lift coefficient of cylinders is only 11-20% of the maximum drag coefficient at Reynolds numbers between 7 and 20 (Babu and Mahesh, 2008; Vakil and Green, 2009 ). Together, this results in at least 35-times less instantaneous lift than drag for the example in figure 2.
Thus, we did not further consider lift-induced moments. We determined aerodynamic drag using a combined approach, in which we estimated the aerodynamic effective, local frontal area with respect to the oncoming flow, the local air flow vector from kinematic reconstruction, an experimentally validated, velocity-and thus Reynolds number-dependent drag coefficient, and equation 7. Drag was estimated separately for each leg and body segment, modelling each segment as a solid, rigid cylinder with appropriate mean length, width and total mass. For cylinders, White (White, 1974) suggested a Reynolds number-based, empirical approximation of drag coefficient, CD, written as:
in which Reynolds number, Re, is derived from the local velocity of the segment and a characteristic length of twice the cylinder radius. Compared to previous measurements of drag coefficients on cylinders at cross wind, equation 4 yields negligible differences at Reynolds numbers between 1 to 10 (Tritton, 1959) . Mean
Reynolds number of a single leg is approximately 1.9 (235 mm s -1 body velocity, cylinder radius 60m, 15 x 10 -6 m 2 s -1 kinematic viscosity). Besides body motion, local velocity also depends on induced velocity (uind, downwash) generated by wing flapping, which was calculated by (Ellington, 1984e; Usherwood and Lehmann, 2008) :
with L, body lift, , the density of air, and A, the area covered by the beating wings (Fig. 11D) . We approximated the latter measure using a mean wing beat amplitude of 162 degrees and wing length of 2.5 mm (Lehmann and Dickinson, 1998).
Instantaneous body lift was calculated from translational movements of the fly and a previously derived vertical damping coefficient Cvert of 54.8 mg s −1 , written as:
with mb, the body mass, g, the gravitational constant, and t, the time.
To experimentally validate Reynolds number-dependent drag, we determined drag on body appendages in a 1.05 m s −1 laminar flow wind tunnel and using a laser balance (Lehmann and Dickinson, 1998) . Reynolds number varied between approximately 2.8
(tarsi) and 8.3 (femur, Table 2 ). We removed hind legs from female flies, mounted them on a flat surface and dried them over night in a stretched position to avoid changes in leg posture owing to joint flexing. We mounted 7 legs at equal distance of 1.0 mm, orthogonal to a tungsten wire (127 µm diameter), positioned the wire with the legs normal to the air flow, and rotated it to measure the legs' drag at various angles of attack (Fig. 11 ). Similar to this procedure, we estimated yaw angle dependent body drag on a fly trunk, removing wings and legs from a dead animal and gluing the trunk with the longitudinal body axis oriented normally to the wire. Drag components owing to the tungsten wire were subtracted from the measures. We subsequently fitted a sinusoidal curve to the data and estimated the drag coefficient, CD, using fitted values and equation,
in which D is drag, uleg the velocity at the centre of area of the body segment and S the frontal surface area of the segment facing the flow. At 90 deg angle of attack at which the flow is normal to hind legs and body trunk, drag coefficients were 2.96 and 1.41, respectively. For comparison, drag coefficients for hind leg and body trunk, modelled as a simple cylinder in equation 4 at comparable Reynolds number, are 3.14 and 1.44, respectively, which is only 2-6% higher than the measured coefficients (Fig. 11) .
Estimation of moments
Moments around the fly's yaw, pitch, and roll axes rely on at least four, independently 
with  the rotational, angular velocity of the animal (Hesselberg and Lehmann, 2007).
Wing-induced moments, MW, for posture and heading control were then calculated by subtraction of the remaining components, which may be written as:
with MD body drag-, MS, body mass shift-, MI, inertia-, and MDW downwash-induced moments. Downwash-induced moments were only considered in the analysis shown in Fig. 7 .
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We calculated drag-induced moments, MD, from the x-, y-, and z-components of the cross product between drag on body, abdomen and hind legs using equation 7 and the corresponding moment arm. The local flow vector was derived from the vector sum of body motion, active leg motion, and, in cases in which we considered downwash, from induced velocity and instantaneous body lift in equations 5 and 6, respectively.
To derive abdomen-induced mass shift moments, MS, we used a simplified approach:
we defined the moment arm as the distance between the aerodynamic centre of force of each wing at 56% wing length and the fly's centre of body mass (Ramamurti and Sandberg, 2007) . Since this distance varies throughout the wing flapping cycle, we used a mean moment arm at mid half stroke, when the wing's longitudinal axis was in the horizontal and normal to the fly's longitudinal body axis ( 
Estimation of moments of inertia
We estimated the fly's moments of inertia by modelling the body trunk including fore legs, middle legs and the hind leg coxae and femurs as a single object, composed of solid cylinders (Fig. 8A) . By contrast, hind leg tibia and tarsi were modelled separately as moving cylinders with appropriate mass. Total mass of a hind leg was 9.42 ± 2.85 g (N = 4 groups of 10 legs each) and mean mass for hind leg coxa, femur, tibia and tarsi was 2.02, 5.02, 1.72, and 0.66 g, respectively ( Table 2) Tables   Table 1 
